The present article depicts the specific wear rate of jute fiber reinforced epoxy composites with different weight percentage of fiber loading (10, 20, 30, 40 wt. %) and different chemical treatments (Alkaline and Benzoyl chloride treatment). The three-body abrasive wear analysis was studied according to ASTM-G65 using a rubber wheel abrasion apparatus (dry sand wear tester) at room temperature by varying different factors like fiber content, abrasive particle size, normal load and sliding distance. To calculate the abrasive wear behaviour of jute/epoxy composites, the design of experiments approach based on Taguchi's orthogonal array has been adopted. Steady state result shows that with the inclusion of chemical treatment in jute fiber improved wear resistance capacity of the composites. Finally, scanning electron microscope (SEM) studies revealed the morphologies worn surface of the composites such as micro-ploughing, formation of debris, micro cracking and fiber matrix de-bonding.
Introduction
More than two decades, fiber-reinforced polymer composites have acknowledged tribo-engineering materials, which are consistently used in mechanical components such as bearings, bushes, bearing cages, gears, cams, gears, brakes, clutches, seals bearings, transmission belts, tank track pads, rollers, office automation machinery and artificial joints etc. where wear performance in non-lubricated condition is a basic parameter for the material selection.
1- 6 With consumer demand, new materials have enforced to replace conventional non-renewable materials in manufacturing industries such as automotive, construction, and packaging. 7 These days increasing the interest of natural fiber polymer composites are being chosen over the synthetic based fiber composites due to the several advantages such as easy availability, low density, low cost, biodegradability, a range of mechanical properties and less abrasiveness. [8] [9] [10] [11] [12] From various natural fibers, jute appears to be a promising fiber because of its high aspect ratio and toughness in comparison to other natural fibers. Generally, natural fibers are not problem free alternatives and their structural compositions like cellulose, hemicelluloses, lignin, pectin and waxy elements which allow moisture absorption from the environment which leads to poor bonding with the matrix materials. 13 The alternative way to find out to alter of natural fiber with pre-treatments and their effects on the interfacial adhesive mechanism of natural fiber and polymer composites.
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In recent past, much research has been studied on tribological behaviour of polymer composites. [15] [16] [17] [18] [19] [20] [21] [22] [23] The main focus of the attention is the methods for reducing wear as the cost of replacing worn parts which is a major expense in many processes. Abrasive wear is recognized as the most important wear among all form of wears which contributes about 63% of all cost in the industries associated with power, automobile, pumps handling industrial fluids and earth moving equipment. 24 Abrasive wear may be defined as where hard asperities on one surface move across a softer surface under load penetrate and removes material from the softer surface, leaving grooves. 18 It can be traditionally divided into two parts, i.e. two-body and three-body abrasion. In two-body abrasion, abrasive wear caused when a rough surface or fixed abrasive particle slides over a surface and removes material; three body abrasions occurs, when the material of the surface is removed by the sliding and rolling action of the loose particles. Mainly, three-body abrasive wear is more prevailing than two-body abrasive wear,
15,16
especially in engineering, industrial area of agriculture, mineral processing, mining and earth moving instrument.
17
The rate of abrasion depends on the surface characteristics, the flow rate of abrasives, nature of abrasives and other environmental factors. The abrasive wear is controlled by many factors such as operating conditions, design parameters, the abrasion characteristics and material properties. The wear data of the composites reveal that the wear behavior strongly depends on the operating parameters. For abrasion of polymeric composites, there have been many attempts to understand the tribo-behavior of various materials in various operating parameters and efforts. Exhaustive literature review on three body abrasion behavior of polymer composites that parameters namely fiber loading, sliding distance, normal load and abrasive size etc. effects the wear behaviour of polymer composites.
In past years a number of studies on polymers and their composites subjected to abrasive wear have been reported.
29-35
It has been revealed that with the inclusion of chemical treatment into the fiber, the wear resistance property increased.
36-39
The linkages formation at the interface of matrix and fibers during deformation played a major role in the wear process. The chemical treatment of the fiber to improve the adhesion between the fiber surface and the polymer matrix is aligned by modifying the fiber surface and the fiber strength. Among the various techniques of pre-treatment, treatment with alkalis (mercerizing) and benzoylation, treatment are the best methods for surface modification of natural fibers described by kalia et al. 40 revised in a manuscript. The thorough literature survey cited above reveals that there is ample scope to understand and establish the abrasive wear mechanism of fiber loaded epoxy composites. Although a great deal of work has already been done on abrasive wear behavior of composites, however, the study of chemical treated three-body abrasive wear behavior of thermoset composites is limited. An attempt has been made in the present work to study the three-body abrasive wear behaviour of untreated and chemically treated jute fiber reinforced epoxy based composites. The Taguchi experimental design study was carried out for the parametric analysis of abrasive wear process. Steady state study was also done to understand the effect of sliding distance and normal load on the abrasive wear performance.
Materials and Fabrication

Materials and composite preparation
Jute is extracted from plants in the genus Corchorus, family Tiliaceae. Cross-plied woven jute fiber mats are used to reinforce in Epoxy LY 556 is taken as matrix material in the present study. The jute fiber is collected from local sources. It is extracted from bast or skin of the plant likewise as that of kenaf, industrial hemp, flax (linen), ramie etc. The epoxy resin (Bisphenol-A Diglycidyl-Ether, chemically belonging to the 'epoxide' family) added with room temperature curing hardener (HY 951) with a ratio of 10:1 by weight as prescribed by the manufacturer. It has been used widely because of its superior strength, excellent adhesion, good chemical resistance and excellent performance at elevated temperatures. The light compression moulding method of composite laminates are carried out by conventional hand layup technique under a load of about 25 kg for 24 h before it detached from the pattern. The composites were made-up to a dimension of 200×200 mm 2 sheet. As per the ASTM standards, the abrasion test specimens of suitable dimension (75×25×3 mm 3 ) were obtained by cutting composites sheets using a diamond cutter. The detail designation and composition of composites are given in Table 1 .
Chemical treatment of jute fiber
To increase the bonding between fiber and polymer matrix, chemical treatment was employed. Chemical treatment reduces the moisture absorption and hydrophilic nature of the fiber which progresses the hydrophobicity behaviour of the fiber along with the strength of the material. Therefore, modified composite obtain better performance as compared to unmodified fiber composite materials. Two different types of surface treatment method have been used for the present study such as alkali treatment and benzoyl chloride (benzoylation) treatment.
Alkali treatment
Jute fibers were soaked in a 1% NaOH solution at 30°C, maintaining a liquor ratio of 15:1. The fibers were kept immersed in the alkali solution for 4 h. The fibers were then washed several times with fresh water to remove any NaOH sticking to the fiber surface, defused with dilute acetic acid, and lastly washed again with distilled water. The fibers were then dried at room temperature for 24 h, followed by oven drying at 80°C for 6 h.
Benzoylation treatment
Firstly, the pre-treated jute fibers were suspended in NaOH solution to activate the hydroxyl groups of the cellulose and lignin and then agitated with benzoyl chloride for 15 min. The mixture was filtered and washed thoroughly with distilled water and dried. The isolated fibers were then soaked in ethanol for 1 h to remove the benzoyl chloride and finally were washed with fresh water several times and dried in an oven maintained at 80°C for 6 h.
Abrasive wear test method
The three-body abrasive wear tests were performed as per ASTM-G65 41 standards using a dry sand/rubber wheel abrasion tester as shown schematically in Figure 1 . Before conducting the test, the surface of the composites specimen were cleaned with a soft paper soaked in acetone cleaner and its initial weight determined in a high precision digital electronic balance (1mg accuracy, CONTECH) before it was mounted in the sample holder. The device carries abrasive hopper, nozzle, rubber wheel, steel disk, sample holder, particle collecting bag, and an arrangement for load application. The diameter of the rubber wheel used is 228 mm and the tests were conducted at a rotational speed of 200±5 rpm. The abrasive particles were directed to flow between the contacting surface of the sample test specimen and rotating abrasive wheel composed of steel disc with chlorobutyl rubber tyre (hardness: 60±5 shore) via a nozzle. The specimen was pressed against the rotating abrasive wheel at a specified force by means of a lever arm while a controlled flow of the abrasive particles abraded the test surface. The rotation of the wheel was such that its contacting face moves in the direction of abrasive flow. The pivot axis of the lever arm lies within a plane, which is approximately tangent to the rubber wheel surface and normal to the horizontal diameter along which the load is applied. The steady-state analyses of the composites were performed to understand the effect of sliding distance and normal load on the specific wear rate. At the end of the experiment, the sample was detached, properly cleaned and again the final weight measured. The difference in weight calculated is a measure of abrasive wear loss. The average values of three tests were evaluated in the analysis. The specific wear rate (W s ) was calculated from the equation (1).
Where ΔM (gm) is the mass loss of the specimen during the test, ρ (gm/cm 3 ) is the density of the specimen used, L (m) is the sliding distance, and F (N) is the load applied to the specimen.
Taguchi experimental design
The design of experiments based on Taguchi method is engaged for the parametric analysis, which becomes an attractive and widely accepted tool among engineers and scientists. It is a blend of statistical and mathematical techniques used in an empirical study. This technique helps to attain the best parameters for the optimal conditions with the least number of analytical studies. The most important stage in the design of experiment lies in the selection of the control factors. An exhaustive review of literature based on abrasion behavior of composites discovered that factors such as fiber loading, normal load, sliding distance, and abrasive size largely influence the abrasive wear rate. Each parameter has four different control levels under which the specimens endured for abrasive wear, as represented in Table 2 .
In the present work, the effect of four parameters over the wear was studied using L 16 orthogonal array which has 16 rows corresponding to the number of variables selected. In conventional full factorial design, it would require 4 4 = 256 runs to study four factors each at four levels whereas, Taguchi's factorial design approach reduces it to only 16 runs offering a great advantage in terms of experimental time and cost. The various combinations of the experimental study are shown Table 3 for Supporting Information. The signal-to-noise (S/N) ratio characteristics can be divided into three categories, viz. "nominal is the best", "smaller the better", and "larger the better" characteristics. In this analysis, "smaller the better" characteristics was selected to analyse the wear rate because specific wear rate is shown by a smaller value, which is the better characteristic. The S/N ratio for the smaller is the better characteristic is given by the expression in equation (2) ( ) log N S n y 10 1 2
Where n is the number of observations and y is the observed data.
Surface morphology study
Studies on the worn surfaces of the specimens were examined by scanning electron microscope (SEM) JEOL JSM-6480LV. The abraded specimens were mounted on stubs with silver paste. To enhance the conductivity of the abraded samples, a thin film of platinum was vacuum-evaporated onto them before the micrographs were captured.
Results and Discussion
Wear analysis using experimental design
The specific wear rates of different types of reinforced composites (untreated, alkali-treated and benzoyl chloride treated composites) found for all the 16 test runs for each set of composites along with the corresponding S/N ratios are presented in Table 3 .
This table shows the overall mean for the S/N ratio of the wear rate is found to be 73.96, 82.30 and 84.24 db respectively. MINITAB 16 (Minitab Statistical Software) is specifically used for design-of-experiment applications purpose. Figure 2 shows the main effect plot for S/N ratios of individual control factors. The horizontal axis shows the control factors and vertical axis shows the S/N ratios. The analysis of the results leads to the conclusion that control factor combination of A 3 , B 3 , C 2 , and D 1 gives the minimum wear rate for untreated composites, A 2 , B 3 , C 1 , and D 1 gives the minimum wear rate for alkali treated composited and A 2 , B 3 , C 1 , and D 2 gives the minimum wear rate for benzoyl chloride treated composites respectively which is shown in Figure 2 .
Confirmation experiment
The confirmation test is used to verify the experimental result suggested by Taguchi. 42 The optimal combination of parameters has been explored in the previous analysis. But, the final phase of any experimental design approach is to predict and verify improvements in observed values through the use of the optimal combination level of parameters. The confirmation experiment is performed by conducting an arbitrary new set of factor settings A 1 B 3 C 4 D 2 to predict the specific wear rate for untreated A 3 B 4 C 1 D 2 to predict the specific wear rate for Alkali treated and A 3 B 1 C 2 D 4 to predict the specific wear rate for Benzoyl chloride treated jute epoxy composites. The estimated S/N ratio for specific wear rate can be calculated with the help of following prediction equation:
Where, η WS is the total mean of S/N ratio η A1 , η B1 , η C1 , η D4 , are the mean of S/N ratio at the optimal factor levels.
The predicted S/N ratio values at optimal settings are 80.8857 dB for untreated, 91.9030 dB for alkali treated and 79.6354 dB for benzoyl chloride treated composites. For the confirmatory test, new experiments are designed and conducted with the optimum levels of the parameter using a dry sand rubber/wheel abrasion tester. Table 4 shows the results of confirmation experiment and found an error of 4.403, 3.655 and 2.990% for the S/N ratio of untreated, alkali-treated and benzoyl chloride treated composites respectively. 
ANOVA and the effects of factors
Analysis of variance (ANOVA) is performed based on Taguchi experimental results to find out the statistical significance of various control factors like sliding distance, fiber loading, normal load and abrasive size on the specific wear rate of the composites. Experimental analysis of Table 5 indicates the result of ANOVA with the specific wear rate of untreated jute fiber epoxy based composites taken in this study. It can be observed that abrasive Size (p = 0.025) and fiber loading (p = 0.061) have great influence on specific wear rate. However, sliding distance (p = 0.102) and normal load (p = 0.171) show the less significant contribution to specific wear rate of the composites. Table 6 and 7 represents the result of ANOVA with the specific wear rate of alkali treated and benzoyl chloride treated of jute epoxy based composites taken in this investigation. In Table 6 , It can be observed that normal load (p = 0.006), fiber loading (p = 0.012) and abrasive Size (p = 0.049) have great influence on specific wear rate. The remaining factor sliding distance (p = 0.229) shows less significant contribution to the specific wear rate of the composites. It can be observed from Table 7 that normal load (p = 0.001), fiber loading (p = 0.010) and abrasive Size (p = 0.037) have great influence on specific wear rate. However, sliding distance (p = 0.229) is the less significant effect on the specific wear rate of the composites. Figure 3 (a), (b) and (c) represents the effect of specific wear rate on a normal load of untreated, alkali-treated and benzoyl chloride treated jute fiber-reinforced epoxy composites respectively. In order to study the effect of normal load of abrasives at a constant sliding distance (50 m) and abrasive size (300 mm), the steady-state specific wear rate of the composites are calculated by varying the normal load from 10 to 40 N. The result shows the irregular trend of specific wear rate jute fiber-reinforced composites. Similar type of observation is also described by the past investigators.
Effect of normal load and sliding distance on specific wear rate of the composites
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The higher wear rate of the composites occurs which imply that there are fewer fibers to support the matrix and because of this abrasive particles form large depth grooves and separate cutting method of the abrasive wear may be a governing wear mechanism. The possible wear mechanism for minimum specific wear rate in the composite specimens may be ploughing or wedge formation. 44 The resistance to wear is improved by adding the fiber on the epoxy resin and hence less specific wear rates are obtained. Chand et al. 45 also observe that the abrasive wear resistance of the composites improved with the addition of fibers due to the cellular structure of natural fibers. Epoxy resin exhibits brittle fracture while the fiber shows flexible and therefore reduce the disintegration of matrix i.e. reduces the brittle fracture of the epoxy matrix and offers higher shearing resistance. Fiber existence does not allow easy removal of debris and requires higher energy for detachment from the matrix. These fibers improve the stiffness and strength of the resin, while the matrix transmits the load to the stiffer fibers for which increase of interfacial bond strength increases the resistance of composites against any damage.
The effect of specific wear rate on a sliding distance of untreated, alkali-treated and benzoyl chloride treated jute fiber-reinforced epoxy composites are shown in Figure 4 (a), (b) and (c) respectively. In this case, steady-state specific wear rate of the composites are calculated by varying the sliding distance from 50 to 80 m with constant normal load (20 N) and abrasive size (300 mm). From the Figure 4 , it has been concluded that the specific wear rate of composites decreases with increase in sliding distance. This is because at a low sliding distance, abrasive particles initially are in contact with low modulus matrix (low hardness) on the surface of the composite and at higher sliding distances lesser wear rate was witnessed due to the resistance offered by jute fibers. These exposed jute fibers, because of their high hardness values, provide improved resistance against the abrasion and this implies, abrasive particles have to work more to facilitate failure in the jute fibers (i.e., much higher amount of energy is required to facilitate fiber failure). Hence, the rate at which the material is removed with respect to the sliding distance decreases. Similar type of observations was found by other researchers.
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A low specific wear rate was found in benzoyl chloride treated based composite with 30 wt.% fiber loading followed by the alkali treated and untreated composite in both the Figures 3 and 4 . It is evident from Figure 3 that benzoyl chloride treated fiber composites i.e., Figure 3 (c) shows the minimum specific wear as compared to untreated (Figure 3  (a) ) and alkali treated composite (Figure 3 (b) ). Likewise, Figure 4 (c) represents the minimum specific wear rate. This may be due to the reduced number of cellulose hydroxyl groups which are presented for moisture intake, reduced hydrophilicity of fiber surface and minimize swelling of the fiber by producing a cross-linked network due to covalent bonding between matrix, fiber. Similar observation is also reported by the past researchers.
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The composites with 30 wt.% fiber loading show least specific wear rate at a different sliding distance and normal load. This may be happening because of good interfacial bonding between the fiber and matrix which in turn increases the wear resistance of the composites. With the addition of 10 wt.% and 20 wt.% fiber loading composites result in poor abrasive wear resistance than composites with 30 wt.% fiber loading. The specific wear rate of composites with 40 wt.% fiber loading is more than the composites with 30 wt.% fiber loading. The increase in specific wear rate at higher fiber loading might have occurred due to improper wetting of fibers which leads to weak interfacial bonding between the fiber and matrix. It is also found by the researchers that the poor interfacial adhesion at higher fiber content results in increased wear rate of lantana camara fiber-reinforced composites. 
Surface morphology
Normally, abrasive wear occurs by three different mechanisms, i.e. micro-ploughing, micro-cutting, and microcracking.
44, 50 To recognize the abrasive wear mechanism, the worn surfaces of composite specimens were studied using SEM. Dry and loose abrasive particles are used in threebody abrasive wear, the material removal rate depends on a number of parameters which controls the extent of work required to provide failure in the material. 43 In three-body abrasion study, the abrasive particles which act as the third body comes in contact with composite material mainly by any of the following three ways: (i) Firstly, freely falling particles gain energy, after coming in contact with the highspeed rubber wheel, and strike the material, resulting in pits formation, or plastic deformation either of the matrix or fiber; (ii) Secondly, particles becomes embedded into the softer rubber wheel and slides over the surface of the material; and (iii) Thirdly, particles roll between the rubber wheel and material, causing plastic deformation to the composite material.
51
A wear interface or improper compatibility between fiber and matrix may lead to fiber pull out an instead fracture, and may reduce the resulting wear properties.
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Figure 5(a) (b) and (c) represents the SEM images of composites with 30 wt.% of fiber loading subjected to normal of 10N with three variations such as untreated, alkali-treated and benzoyl chloride treated respectively. In Figure 5 (a) Shows the low wear resistance as compared to the alkali and benzoyl treated composites, this may happen due to the presence of cellulosic structure which is preventing the property of interfacial adhesion between the fiber and the matrix. For the improper adhesion, more fiber breakage is seen in Figure 5 (a). Fibers were severely damaged and caused discontinuity and de-bonding in this case. Also more cracks presence in case of untreated composites. With the inclusion of chemical treatment such as alkali and benzoyl chloride treatment in Figure 5 (b) and (c) which minimizes the fiber cracking and fiber ploughing in abraded surface of composites. It may due to that a protective layer creates because of the layer which would provide a more uniform distribution of interface stresses with the lower magnitude and thus became conductive to lower wear.
39 Figure 5 (c) shows the minimum wear loss as compared to Figure 5(a) and (b) .
With increasing in normal load (40N), more surface damage is produced by fracture of the fiber or damage of the matrix which results in debonding of the fibers as shown in Figure 6 (a) (b) and (c). Figure 4 benzoyl chloride composite) when tested at sliding distance of 50 m. Figure 7 (a) depicts the formation of fiber pull-out and grooves over the abraded surface of the composite. Whereas in the case of alkali treatment, only fiber pull out happens and in the case of benzoylation, it minimizes the groove and outer surface appeared smoother. Wear debris is also detected in all the figures (Figure 7 (a-c) ). Minimum wear found out in Figure 7 (c) as compared to untreated and alkali treated composite because of well bonding between fiber and matrix. Figure 8 (c) is depicting good wear resistance and have minimum specific wear rate. In this figure damage of fiber was not found; therefore, it can be called as matrix damage dominating. Figure 7 and 8 indicates the composites with low sliding distance (50m) and sliding distance (80m) with 30 wt.% of fiber loading. With the comparison of all the cases, it is clearly visible that larger depth grooves and more damage of the sample are observed at low sliding distance abrasion. It is may be due to the fact that although the surface area of contact is same for both the sliding distances whereas the duration of contact is more in the case of low sliding distance. 35 Minimum wear rate found in benzoyl treated composites with maximum sliding distance in Figure 8 (c). Scratch and pits are also observed over the surface of the sample which was subjected to higher sliding distance also higher debris formation found. The smooth, intact and well-bonded layers were also formed and wear debris are minimized. 
Conclusions
Based on the three-body abrasive wear study of the pretreated jute fiber-reinforced epoxy composites, the following conclusions can be drawn:
• Successful fabrication of epoxy based polymer composites reinforced with untreated and chemically treated (alkali treatment and benzoyl chloride treatment) jute fiber mats by simple hand lay-up technique has been achieved.
•
The design of experiments based on Taguchi analysis has been carried out for the parametric optimization in order to achieve the minimum specific wear rate of the un-treated and treated based bidirectional jute epoxy composites. The parametric combination, i.e. sliding distance of 70 m, fiber loading of 30 wt.%, a normal load of 10 N, and abrasive size of 200 mm forms an optimum condition for minimum specific wear rate found at benzoyl treated composite.
• ANOVA performed on the experimental results helped in identifying the critical factors which influence the abrasive wear. According to ANOVA results, the normal load (p = 0.001), fiber loading (p = 0.010) and abrasive Size (p = 0.037) have great influence on specific wear rate. However, sliding distance (p = 0.229) is the least significant effect on the specific wear rate of the composites.
• Specific wear rate of the composites prominently influenced by the normal load and sliding distance. Study reveals that the specific wear rate of the jute epoxy composites decreases with increase in sliding distance whereas specific wear rate of the composites increases with the increase in normal load. The specimens with 30 wt.% fiber loading exhibits minimum specific wear rate at different sliding distances and normal loading conditions in steady state condition.
On comparison, Benzoyl chloride treated based composite notably gave better abrasive wear resistance than the untreated and alkali treated based composite. This was due to the high-interfacial adhesion and low-composite porosity.
The SEM studies of worn surfaces have revealed various wear mechanisms such as micro-ploughing, formation of debris, micro cracking and fiber matrix de-bonding.
